A technique for the partial pancreatectomy of the chicken is described. Following surgery the plasma insulin concentration falls from 78 ~U/ml to 17.5 ~U/ml and remains at that level for the subsequent 2 days of observations. No persistent hyperglycaemia was noted and the birds became hypoglycaemic after 2 days. Plasma FFA concentration was significantly reduced throughout. The partially pancreatectomized chicken was found to have a severely impaired glucose tolerance and there was only a slight, non-significant increase in plasma insulin after glucose loading. Its response to glucagon was little changed. It is concluded that insulin plays an essential role in the utilization of glucose but the site of its action remains to be identified.
Introduction
The role of insulin in the regulation of carbohydrate and lipid metabolism in birds is uncertain. The differences between bird and mammal were highlighted by Minkowski's (1893) observation that pancreatectomized ducks and geese did not develop diabetes mellitus. Whilst there have been many conflicting reports published over the years (see a review by Langslow and Hales, 1971) this central observation has never seriously been challenged.
The chicken is extremely insensitive to injected insulin; doses as large as 50 i.u./kg body weight producing nothing more than a mild hypoglycaemia and an increase in the concentration of plasma free fatty acids (FFA) (Heald et al., 1965; Lepkovsky et al., 1967 ; Langslow et al., 1970) . This effect on FFA is the reverse of that seen in mammals.
Once differences in the primary structures of avian and mammalian insulins had been demonstrated (Smith, 1966 ) the question was asked whether the chicken's insensitivity to mammalian insulin was merely a reflection of those differences. However, it is now known that the two insulins have similar potencies in vitro (Goodridge, 1968b; Hazelwood et al., 1968; Langslow and Hales, 1969; Langslow, 1971) and similar half-lives in chicken plasma (Langslow and Kimmel, 1972) .
In order to investigate further the role of insulin in chickens, an insulin-deficient bird is required. Unfortunately neither alloxan (Scott et al., 1945; Lukens, 1948; ~rsky and Gitelson, 1957 ; Langslow et al., 1970) nor streptozotocin (Langslow, 1970; Langslow et al., 1970) has any specific effect on the fl-cells of the islets of Langerhans and the plasma glucose, FFA and insulin concentrations are unchanged even when the doses are well in excess of those affecting mammals. Thus surgical methods offer the only sure means of producing insulin-deficient chickens.
Since our immediate aim would be satisfied if we could reduce the level of ch'culating insulin, we decided to attempt no more than a partial pancreatectomy as total pancreatectomy is extremely difficult to achieve because of the anatomical relationships between the pancreas and gut. A technique was developed which allowed the removal of a large proportion of the pancreas in a relatively short time thereby achieving, it was hoped, the maximum effect on plasma insulin levels with a minimum of surgical trauma. This report describes this technique and the effect that it produced on the plasma glucose, FFA, insulin and ~-amino nitrogen concentrations and on the response of the chicken to glucose and glueagon.
Materials and Methods
Surgical technique. All experiments were carried out on Rhode Island Red chickens aged between 3 and 4 weeks. Anaesthesia was induced by an intraperitoneal injection of tribromoethyl alcohol (Avertin, Bayer Products). To 25 ml physiological saline were added 2 ml ethanol and then 0.5 m] (0.5 g) Avertin, drop by drop with vigorous shaking. Deep anaesthesia was obtained within 20 to 25 rain following the injection of this solution at a dose rate of approximately 8 ml/kg body weight (145 mg Avertin/kg).
The duodenal loop was quickly exposed through a 3 cm incision on the right side of the abdomen. It was flexed cranially to expose the vascular connections (branches of the gastroduodenal artery and vein) between the duodenum and pancreas and the caeca which were then ligatured and cut. Next a double ligature was applied to the main artery and vein at a more proximal point along the duodenal loop. Immediately these ligatures had been tied the distal pancreatic tissue was cut away leaving the duodenal loop intact but largely avaseular. After replacing the exposed duodenum in the abdominal cavity, the musculature of the body wall and then the skin were sutured. The complete surgical procedure required about 20 rain.
Following surgery the birds were placed in an incubator. Consciousness returned usually within 6 h. The birds showed no inclination to eat or drink after the operation. It is thought that the destruction of the vascular system of a major part of the duodenum may have been responsible. The subsequent fall in body weight resulted from this and was not a consequence of pancreatectomy per se since in both normal starved and partially pancreatectomized birds the reductions were similar: their mean respective weights were 201 g and 199 g on the day of surgery, 177 g and 175 g I day later and 158 g and 157 g 2 days later.
The technique described above allowed the removal of about 80% of the pancreas: the mean weight of pancreatic tissue following surgery was 196 mg while the whole pancreas weighed, on average, 1037 rag.
Collection of blood samples and injection of chickens.
Both glucose (0.5 g/bird) and glucagon (10 Fg/kg body weight) were given by intracardiac injection in sterile saline (0.9%). Samples of blood (1 ml) were withdrawn by frontal cardiac puncture without anaesthesia and rapidly transferred to tubes containing heparin. They were stored in an ice-bath before separation of the plasma by centrifugation. The plasma samples were stored at --20~ until analyzed.
Analytical methods. Plasma insulin was measured by a modification of Hales and l%andle's (1963) method C as described by Langslow et al. (1970) except that pure chicken insulin (kindly given by 1)rofessor J.R. Kimmel, Kansas University Medical Center, Kansas City, Kansas) was used as the insulin standard. Plasma glucose was measured by the glucose oxidase method of Huggett and Nixon (1957) . The total plasma u-amino nitrogen concentration was determined on an aliquot of a protein-free Folin and Wu filtrate by the colorimetric ninhydrin method of Moore and Stein (1954) . Plasma FFA concentration was determined by the copper-triethylamine method of Laurell and Tibling (1967) .
Results
The effects of pancreatectomy. The plasma glucose, FFA, insulin and ~-amino nitrogen concentrations were measured on each of the three days following surgery. There was a sharp (80%) fall in the plasma insulin concentration after 24 h (Fig. 1) and it there- 
Days post-operative after remained around 17.5 ~U/ml, up to 72 h. The magnitude of this fall corresponds almost exactly with the amount of pancreas removed. Since the partially pancreatectomized birds did not feed, the control groups of birds in these experiments were always starved for an equal length of time.
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The plasma glucose concentration of the partially pancreatectomized chickens was maintained for 24 h, but fell thereafter (Fig. 1) . The intact chickens showed the normal response to starvation with a small fall in plasma glucose concentration after 24 h, a rise at 48 h and then another fall. There was a compensatory increase i~ their plasma FFA concentration. In contrast, however, the partially pancreateetomized chickens showed a significant fall in plasma FFA concentration. Their plasma ~-amino nitrogen concentration also fell while that of the starved chickens increased for 24 h before falling (Fig. 1) .
Glucose tolerance tests. Each chicken was given 0.5 g glucose in 0.5 ml physiological saline intraeardially. The plasma glucose concentration of the partially pancreatectomized chickens rose to 778 rag/100 ml 10 rain after the injection and was still over 700 mg/ 100 ml after 30 min (Fig. 2) . The plasma glucose coneentration of the intact chickens, in contrast, was 487 mg/100 ml after 10 rain and at 30 rain had declined to 300 rag/100 ml.
There was also a striking difference in the response of the plasma insulin concentration. In the operated chickens, there was a small, but non-significant, The chickens used for subsequent experimentation were taken two days after surgery. This was considered to be a reasonable time after the operation so that the chicken was in an altered metabolic state but over the immediate trauma of the surgery. No bird, whether pancreatectomized or intact, was subjected to more than one test. Each point is the mean of at least five observations; standard errors are indicated increase in the plasma insulin concentration after 10 min, but the increase in intact chickens was highly significant. The plasma Flea concentration of both groups of chickens fell significantly after 10 rain. While the plasma FFA of the intact chickens remained depressed, that of the partially 9ancreatectomized chickens returned to the initial concentration after 20 rain. The plasma ~-amino nitrogen concentration of both groups of birds fell during the experiment but the fall was much more pronounced in the intact chickens. "The response to glucagon. The effect of an intracardiac injection of glucagon (10 9g/kg body weight) was studied on three groups of chickens: intact fullyfed chickens, intact chickens, starved for 48 h, and partially pancreatectomized chickens (Fig. 3) . No significant change in the plasma insulin concentration was noted in any of the three groups of chickens following the injection of glucagon. The plasma glucose concentration of both the intact groups of chickens increased but the effect was much more pronounced in the fed chickens. The partially pancreatectomized chickens showed a small but non-significant increase in the plasma glucose concentration. The plasma FFA concentration increased significantly in all three groups of chickens. The increase was most pronounced in the intact fed and partially pancreatectomized chickens and the latter produced the greatest percentage increase in FFA concentration.
Discussion
The results presented here show clearly, for the first time, that following partial pancreatectomy in the chicken there is a marked and persistent fall in plasma insulin concentration and that this is quite independent of the nutritional status of the bird (Fig. 1) .
No hyperglycaemia was observed following surgery, although the level of plasma glucose on the first day was significantly higher than in intact birds starved for 24 h. Thus any trend towards hyperglycaemia was, perhaps, counter-balanced by the slight hypoglycaemic response to aphagia. Earlier reports on the changes in plasma glucose concentration following pancreatectomy have been conflicting. Mikami and Ono (1962) found that partial pancreatectomy led to an acute, lethal hypoglycaemia while Koike et al. (i964) and Lepkovsky et al. (1967) found that total pancreatectomy led to little or no change in plasma glucose levels. Mikami and Ono (1962) removed only the third and splenic pancreatic lobes, which are rich in alpha islets and deficient in beta islets. It is reasonable to assume that the resultant hypoglycaemia reflected a glueagon deficiency. It is difficult, however, to reconcile this argument with the observations of Koike et aI. (1964) and Lepkovsky et al. (1967) on totally, or with our own observations on partially, pancreatectomized chickens. Mialhe (1969) has suggested that the panereateetomy was incomplete. In the experiments reported here parts of the dorsal, ventral and third lobe were removed but the splenic lobe was left intact. Considered in the light of Mikami and Ono's (1962) findings our birds might be expected to be deficient in insulin but to have almost normal levels of circulating glucagon. However, the failure of the plasma FFA concentration of the partially pancreatectomized chicks to increase during starvation (Fig. 1 ) may have been indicative of a glucagon deficiency. At the same time a reduction in the pancreatic avian polypeptide (Kjrnmel et al., 1971 ) is expected, though any physiological role of this substance remains to be elucidated.
The outcome of partial pancreatectomy in the duck depends on the nature of the remaining tissue (Mialhe, 1955a (Mialhe, , 1958 , while total pancreatectomy leads to profound hypoglycaemia and death (Mialhe, 1955b) . Similar results have been obtained with geese by Sitbon (1967) and Mialhe (1969) although Mirsky and Gitelson (1958) found, in contrast, hyperglycaemia and glycosuria following pancreatectomy. Little work has been done with carnivorous birds. The reports of Minkowski (1893), Weintraud (1894) and Nelson et al. (1942) indicated that they became hyperglycaemic after pancreatectomy and that insulin, while lowering their blood sugar, was unable to keep them alive. Glucose per os or intracardially produces an increase in the plasma insulin concentration of chickens (Langslow et al., 1970) . Circulating glucose was removed only very slowly from the blood of the partially pancreatectomized chickens and their plasma insulin response was minimal, strongly suggesting that insulin is essential for the disposal of a glucose load. Insulin action may be suppressed in vivo in chickens by injecting anti-insulin serum and this results in pronounced hyperglycaemia (Bondareva, 1970) . Taken together these pieces of evidence show that insulin is essential for the regulation of glucose utilization in chickens.
The response of the plasma FFA concentration to a glucose load was also affected in partially pancreatectomized chickens. Unlike intact birds, they did not maintain the lowered plasma FFA concentration following glucose. Thus there appeared to be a compensatory mechanism in operation which signalled the failure of glucose utilization.
There was little difference between the response of intact starved and partially pancreatectomized chickens to glucagon except that the change in plasma FFA in the starved chickens was reduced by comparison with the operated birds. This may reflect an abnormal response to starvation in the surgically operated chickens or that their fat deposits responded more readily to the action of exogenous glucagon since they were possibly deprived of endogenous pancreatic glucagon.
While insulin clearly plays a role in glucose utilization in vivo, its site of action in chickens remains unresolved. In both chicken adipose and muscle tissue, only at high concentrations does insulin stimulate the uptake and oxidation of glucose and the incorporation of glucose into glycogen, while hormone-stimulated lipolysis is unaffected (Goodridge, 1968a, b; Langslow, 1970; Langslow, 1971; Langslow and Hales, 1971) . Glucose uptake into heart muscle also appears insensitive to insulin stimulation, although amino acid uptake is much more sensitive (Guidotti et al., 1968) . Little is known of the effect of the endocrine pancreas on liver metabolism, but it is a reasonable speculation that insulin might play a role in the regulation of glucose metabolism in this tissue.
The sensitivity of chickens to the hyperglycaemie and lipolytic actions of glueagon, both in vivo and in vitro (Langslow and Hales, 1969 ; Langslow et al., 1970; Freeman and Manning, 1971) , has suggested that glucagon plays a key role in glucose and lipid homeostasis. Despite the insensitivity of chicken tissues to insulin in vitro, the extreme glucose intolerance shown by the partially pancreatectomized chicken suggests very strongly that insulin plays an essential role in the utilization of glucose.
